Abstract Very little is known about the cardiovascular responses of exercising individuals when exposed to carbon monoxide (CO). Sixteen healthy nonsmoking men aged 18±29 years participated in the study. Using a combination of exposures to CO by breathing from a bag or in an environmental chamber, subjects performed a randomized sequence of brief (5 min) multi-level treadmill and hand-crank exercises on dierent days at less than 2% carboxyhemoglobin (COHb) and after attaining target levels of 5%, 10%, 15%, and 20% COHb. To assess cardiac function changes we employed noninvasive impedance cardiography (ICG) and threelead electrocardiograms (ECG). The ICG was used to estimate cardiac output, stroke volume, heart rate, cardiac contractility, and time-to-peak ejection time. The ECG was used to assess myocardial irritability and ischemia, and changes in cardiac rhythm. The results showed that the cardiovascular system compensated for the reduced O 2 -carrying capacity of the blood by augmenting heart rate, cardiac contractility, and cardiac output for both upper-body and lower-body exercise. While this mechanism served well in submaximal exercise, the enhanced cardiovascular response to exercise was not without physiological costs because it began to fail at moderate levels of CO exposure and exercise. We concluded that young, apparently healthy men can perform submaximal upper and lower-body exercise without overt impairment of cardiovascular function after CO exposures attaining 20% COHb.
Introduction
Carbon monoxide (CO) is a well-known gas producing hypoxia which is ubiquitously present in our environment. Although the CO concentration in ambient air is relatively low, the local and regional levels have been shown frequently to exceed the current US standard of 10 mg á m )3 , (8 h average) (US Environmental Protection Agency 2000). In an occupational setting the concentration may reach a substantial level which at times may induce de®nite health eects. Based on a risk of cardiovascular eects the National Institute for Occupational Safety and Health has set an 8 h average CO standard of 40 mg á m )3 (NIOSH 1993) . Several investigators have reported on the eects of CO on submaximal and maximal exercise, and related factors such as onset of anaerobic metabolism. These studies have indicated that although heart rate in the presence of CO as compared to air exposure may or may not increase at rest, it is generally higher at a given exercise intensity for submaximal exercise and about equivalent to air exposure at maximal aerobic capacity . Oxygen consumption, on the other hand, has been found generally to decrease during submaximal exercise as has maximal O 2 consumption when compared to air exposure in proportion to the carboxyhemoglobin (COHb) concentration (Ekblom and Huot 1972; Horvath et al. 1975) . There is no conclusive information of the eects of CO on stroke volume and cardiac contractility at rest or exercise; however, it has been surmised that stroke volume will increase at rest to increase cardiac output when heart rate remains the same (Stewart et al. 1973) .
In patients with coronary artery disease (CAD), CO exposure achieving 2%±4% COHb has been found to reduce time to angina in exercise and time to signi®cant ST segment depression, and in some cases, to increase ST segment depression at the end of exercise (Kleinman et al. 1989; Allred et al. 1991) . Limited information has also shown that CAD patients may experience a reduction in cardiac function during exercise. With CO exposures yielding a COHb of 6.0%, CAD patients have been found to increase the rate of single and multiple ventricular premature depolarizations (Sheps et al. 1990) .
The goal of our study was to demonstrate whether or not a wide range of CO exposure levels during either lower or upper body exercise can elicit measurable changes in the cardiac function as assessed by impedance cardiography (ICG). Treadmill exercise was used to compare with the existing body of data on exercise performance in asymptomatic patients and the body of data that re¯ects performance decrements with exercise and CO in normal people. Upper body exercise was performed to determine whether this form of exercise places a greater strain on the cardiovascular system than lower body exercise, both with and without CO exposure.
Methods

Subjects
To minimize the variability of the subject population only healthy, nonsmoking young men aged 18±29 years were recruited for the study. The subjects were informed of the nature of the experimental procedure, its risks, and its bene®ts, the purpose of the study, the information to be collected, and each subject was told that the results from his experiment would be provided if requested. The experiment protocol and the consent form were approved by the Research Triangle Institute, University of North Carolina and the US Army Institutional Review Boards.
Twenty-one subjects were accepted for the study. Each gave informed consent, completed a medical history and physical examination, and passed a maximal exercise tolerance test (Bruce treadmill protocol ACSM 1995) before participating in any experiment procedures. Of these, 16 subjects were included in the hand-crank data analysis and 15 subjects were included in the treadmill data analysis. The age of the ®nal study population ranged from 21 to 29 years with a mean age of 24.6 years, closely meeting the desired range of our target population (Table 1) .
Experiment protocol
The experiment protocol incorporated both lower and upper body exercise and exposure to four levels of CO concentration. Two days prior to the ®rst exposure, each subject participated in two training sessions (sessions 1 and 2) completed on the same day. Each training session comprised one exercise period (rest + three intensities) for the lower and upper body exercise, respectively (Table 2 ). This was done to familiarize the subject with the experiment procedures, and to determine that he was able both to exercise as prescribed and to practice breathing from a bag and other maneuvers.
On each exposure day, a short polyethylene catheter was inserted into a forearm vein to obtain blood samples. Subjects were then instrumented with electrocardiogram (ECG) electrodes, ICG electrodes, and a blood pressure cu. After entry into the chamber, subjects sat at rest for at least 10 min to establish stable baseline signals. The schedule of CO exposure and exercise periods over a day's experiment session is shown as a diagram in Fig. 1 . Each subject participated in four exposure sessions (Table 2 , sessions 3± 6), one session a day. During each session the CO exposure was combined with one type of exercise only, treadmill or hand-crank exercise. The order of sessions was randomized.
Subjects were asked to eat a moderate breakfast and to refrain from consuming caeinated beverages (coee, tea, colas) on the morning of each visit to the laboratory. Subjects were also asked to refrain from using prescription or over-the-counter medications beginning the evening prior to each visit to the laboratory. Subjects with a baseline COHb of more than 2% were not admitted to the study.
Exposure chamber and CO monitoring
The environmental chamber had a single-pass air-¯ow design with regulation of temperature, humidity, and ventilation. Outside air was drawn in and passed through high eciency gas contaminant and high eciency particle ®lters to cleanse the incoming air. Prescribed ventilation (227 m 3 á min )1 ), temperature (22°C), and relative humidity (38%) were regulated using a closed-loop direct digital control system (Carrier Comfort Network). Environment settings were made via a graphical software interface, visually monitored, and recorded throughout the experiment.
The chamber air-dosing system was designed to allow chamber CO concentrations ranging from 0 to approximately 2000 ppm. Chamber concentration was continuously measured by a nondispersive infrared (NDIR) spectrometer (Rosemount, mod. 80) and by an auxiliary monitor which used an electrochemical sensing element (National Draeger, mod. 190) . The spectrometer also controlled the¯ow of pure CO through a pair of mass owmeters which were in a software-mediated feedback loop with several safety features. To ensure that the Rosemount monitor was working properly, manual two-point calibration was made by attaching pure air and 155 ppm CO gas calibration tanks to the air sample inlet and checking the Rosemount panel meter. Exposure chamber CO concentration was calculated using the Coburn-Forster-Kane (CFK; Coburn et al. 1965 ) equation and set to maintain the subject's blood COHb concentration attained by breathing CO from a bag prior to each protocol exercise segment. Chamber CO level was raised to the next desired concentration during a bag-breathing period. This insured a stable background level by the time the subject switched from bag-breathing to chamber environment gas at a predetermined CO concentration. The chamber CO concentrations for target COHb equilibrations were as follows: 27 ppm to maintain 5% COHb, 55 ppm for 10% COHb, 83 ppm for 15%, and 100 ppm for 20% COHb. During normal chamber operation, the desired CO concentration was continuously monitored and adjusted if necessary by a computercontrolled system incorporating additional safety features to reduce the likelihood of injury to subjects or operating personnel. At the end of each exposure day, subjects breathed 100% medical grade O 2 until the COHb concentration had subsided to below 10% (Fig. 1 ). Subjects were then provided transportation home.
Procedures breathing CO from a bag
To reach near steady-state COHb concentrations in a short time we used a system requiring breathing CO from a bag. Prior to each exercise segment subjects had their blood COHb concentration raised to a new target level via short-term exposures (4±6 min) while sitting at rest and inhaling precerti®ed air and CO mixtures from Douglas bags and exhaling into the exposure chamber. After breathing from the bag, the subjects breathed chamber air with a background concentration of CO set to maintain the COHb concentration at the desired level until the end of the experiment segment (Fig. 1 ). An electronically controlled respiratory apparatus comprising a digital¯owmeter, two Douglas bags (100 l total capacity), a four-way switching valve, a two-way breathing valve, hoses, and a vacuum pump were used to inhale mixtures of precerti®ed air and CO. For air exposures, the volume of air introduced into the empty Douglas bags was set at 50 l. For CO exposures, the volume of gas mixture that would be required to raise a subject to the next prescribed COHb concentration was estimated using the CFK model of COHb formation (Coburn et al. 1965 ). Blood samples were taken at the beginning of each exposure segment to determine initial COHb concentration and total hemoglobin. Using predicted values for the key physiological parameters of the CFK equation for each individual and selected bag gas concentrations, the volume of exposure gas was estimated and used to set the electronic controller. To raise blood concentration to 5% 1000 ppm CO in air was used (exposure 2), and to raise blood concentration to 10%, 15%, and 20% COHb, 3000 ppm CO in air was used (exposure 3; Table 2 ). For each exposure condition, the subject sat at rest wearing a nose clip and breathing chamber gas via the respiratory apparatus mouthpiece. At a designated protocol time, the apparatus was switched to gas in a bag and the subject continued breathing until the bag was emptied. The subject then removed the mouthpiece and nose clip, thereby breathing freely in the exposure chamber with already preset CO atmosphere. After a 5 min post-bag breathing equilibration period, blood samples were taken and analyzed to record the actual COHb concentration.
Exercise protocol
Subjects performed lower-body exercise using a treadmill (Marquette, series 1900) with an intensity controller (model MTC1). Subjects performed upper-body exercise using a hand-crank ergometer (modi®ed Collins Pedalmate) linked to a Total Work Integrator ergometer controller.
On each exposure day the subject underwent three exercise sessions (ex. 1±ex. 3). Each of the exercise sessions comprised rest and three 5 min periods of exercise. The exercise intensity for each exercise period was increased in a step-wise fashion (Table 2 , Fig. 1 ). Each subject served as his own control and experienced all levels of exposure with the exposures split into 2 experiment days (air and 2 CO exposure days) with randomization of exposure day sequence. Ultimately, each subject underwent a total of four air exposures [0±2% COHb (endogenous or baseline level)] and eight CO exposures with targets of 5% COHb, 10% COHb, 15% COHb, and 20% COHb (Table 2, Fig. 1 ).
Blood COHb measurements
Venous blood samples were obtained at predetermined times ( Fig. 1) hematocrit was determined using a Clay-Adams Microhematocrit II centrifuge and reader. The well-mixed heparinized samples were analyzed immediately, a reserve sample being refrigerated in case of any analysis diculties. The CO-oximeter analyses were made in triplicate and hematocrit analyses were made in duplicate. The CO-oximeter calibration was performed weekly, and controls analyses were made daily using standards provided by the manufacturer.
Cardiac function measurements
For noninvasive cardiac electrophysiology measurements, ECG leads V 5 , II, and aVf were recorded using an ambulatory recorder (Spacelabs, model 90208). Five electrodes, corresponding to right arm, left arm, right leg, left leg, and chest were applied as for stress test monitoring (i.e. the electrodes were applied to the torso rather than to the limbs). In addition to ECG, the ICG, the ICG ®rst derivative and the mean thoracic electrical impedance were monitored continuously throughout each experiment, sampled at 400 Hz per channel, and stored on computer disk for analyses. The analysis has been described in greater detail previously (Kizakevich et al. 1994 ). Cardiac output was estimated noninvasively using an empirical equation that has related pulsatile changes in ICG to changes in aortic geometry associated with cardiac ejection (Kubicek et al. 1966 ).
The eects of CO exposure on myocardial ischemia were assessed by beat-by-beat analysis of ECG ST-segment depression. Episodes of 1 mm (0.1 mV) depression relative to ECG baseline (isoelectric segment between the P and Q waves) measured 80 ms after the J-point was the clinical threshold used for a positive ischemic response. Episodes of less than 1 mm depression were designated as subclinical ischemic responses.
The eects of CO exposure on cardiac rhythm were assessed by tallying ventricular ectopic beats [premature ventricular contractions (PVC)] and premature atrial contractions (PACs) for each subject by air and CO exposure conditions as well as recovery period.
Ventilatory measurements
Breath-by-breath ventilation was taken over a 1.5 min period beginning at 2 min into each protocol activity stage. While performing their protocol activities, subjects put on nose clips and breathed via an apparatus comprising a mouthpiece, gas sample port, and¯owmeter. The gas analysis system comprised a mass spectrometer (Marquette, model MGA-1100), pneumotachograph (Hans-Rudolph, Fleish no. 3700), and a carrier demodulator (Validyne Eng. Corp., model CD-19).
Data reduction and analysis
The overall eects of CO exposure on the cardiac and respiratory responses to exercise were evaluated by several methods. As a ®rst step, ®ve cardiac variables ± heart rate ( f c ), stroke volume (SV), cardiac output, acceleration (ACCEL), time-to-peak ejection time (t Zpeak ), a priori declared the primary cardiac variables of interest, CO exposure, exercise, and CO by exercise interaction were evaluated using a repeated-measures ANOVA. The analyses were applied to raw unadjusted measurements (actual data set), rest adjusted measurements [post-exercise to rest (pre-exercise) dierences; adjusted data set], and CO-air exposure adjusted measurements (CO to air paired dierences; delta data set), all expressed in absolute units. For the CO-air paired comparisons, the paired dierences were calculated for each activity and exposure level by subtracting the air exposure value for each activity level from the paired CO exposure Fig. 1 Diagram of an exposure day schedule of rest and treadmill exercise bouts and exposure periods. The air exposure period (Exposure 1) was followed by exposure to either 27 ppm carbon monoxide (CO) to maintain a 5% carboxyhemoglobin (COHb) concentration or 55 ppm CO in the chamber to maintain a 10% COHb concentration (Exposure 2). The next exposure atmosphere in the chamber was set to either 83 ppm CO to maintain a 15% COHb or 100 ppm CO to maintain a 20% COHb concentration (Exposure 3). The last period was the recovery period with subject breathing oxygen. The three ®lled blocks (ex.1±ex. 3) depict three exercise periods each at rest and at three dierent loads performed during each exposure period. The steps re¯ect increasing exercise intensity expressed as oxygen consumption ( _ V O 2 ) on the left y axis. The two shaded areas represent the 4±6 min spent breathing CO from a bag to bring each subject's blood COHb concentration to a predetermined level. The venous blood sampling times and the average COHb levels obtained on two dierent exposure days are shown as stars and a dashed line for 10% and 20% COHb concentrations, and diamonds and a dotted line for 5% and 15% COHb concentration, right y axis. The same schedule but lower exercise loads were used in the hand-crank protocol value to account for variation in exercise response across subjects. Because delta data set re¯ected best the true eects of CO exposure the statistics for this data set only are reported.
Two principal post-hoc analyses were conducted on both treadmill and hand-crank exercise data sets to explore eects of increasing CO exposure. To compare means across subjects and exercise levels by blood COHb concentration (l CO compared to l air ) we again used repeated-measures ANOVA. Since ®ve levels of CO exposure were considered, multiple comparison errors were reduced by testing for signi®cant dierences using an adjusted a of 0.01 (0.05/5).
In the second analysis the delta data were tested for l D 0 with tests for signi®cant dierences also made at a of 0.01. All means and standard deviations of cardiac and respiratory measurements were computed across subjects by attained COHb concentrations and prescribed exercise.
Results
The blood concentration of COHb tended to decrease during both treadmill and hand-crank exercise but the chamber CO exposure during exercise limited the decrement to less than 1% COHb. All of these results were well within the speci®cations of the IL-282 CO-oximeter which had a combined measurement and display error of 1.1% COHb.
CO exposure and treadmill exercise
The eects of CO exposure on the key variables of interest (actual data) at dierent exercise intensities are tabulated in Table 3 . The paired dierences in f c , cardiac output and ACCEL for each treadmill exercise stage are depicted in the lower panel of Figs. 2, 3 , and 4, respectively. The P-values for the key variables of interest by COHb level are tabulated in Table 4 . Of other measured variables, ventilation showed no signi®cant eect until COHb reached 19.2%. At this level, overall ventilation after CO exposure was increased by about 6% compared to air exposure (P > 0.006).
Clinical or subclinical evidence of myocardial ischemia was observed on at least 1 experiment day in 8 of the 16 subjects but the eects were statistically not signi®cant. Positive ischemic responses were observed in 1 subject only, occurring during both air and CO exposures and for both lower-body and upper-body exercise. All of the 8 subjects had subclinical (<1 mm) ST-segment depression during both air and CO exposures.
Only 11 episodes of PVC were found during air and CO exposure, and recovery. They appeared to be randomly distributed across exposure conditions. Episodes of PAC were more frequent than PVC, but the number of events remained still small. Surprisingly, most of the PAC episodes occurred as COHb was being reduced during O 2 recovery, long after the completion of maximal CO exposure.
CO exposure and hand-crank exercise
The actual data for the key variables are presented in Table 5 . The paired dierences for f c , cardiac output and ACCEL are plotted in the upper panels of Figs. 2±4, respectively. The relevant P-values are reported in Table 6 . All timing-related variables became highly signi®cant at COHb equal to or greater than 9.8% (P < 0.0004), but the mean change in SV became signi®cant only at the highest COHb of 19.2%. For many variables, e.g. ACCEL, f c , the magnitude of changes observed at the highest hand-crank exercise load [intensity 3, 17.2 ml á kg )1 á min )1 oxygen uptake ( _ V O 2 )] were quite comparable to changes induced by about the same treadmill exercise intensity (intensity 1, 16.1 ml á kg )1 á min )1 _ V O 2 ). Clinical or subclinical evidence of myocardial ischemia was observed on at least one air and CO exposure in 3 and on CO exposure in 2 additional individuals of the 16 subjects; the changes were not statistically signi®cant. All 5 also showed ST-segment depression during the treadmill exercise section of the study. Positive ischemic responses were observed in 1 subject only, occurring during both air and CO exposures and for both lower-body and upper-body exercise. and 5.0% respectively, diamonds 9.8% and 9.8% respectively, triangles 14.9% and 14.8% respectively, stars 19.2% and 19.2% respectively) plotted against oxygen consumption ( _ V O 2 ). Shaded area represents a higher level of exercise intensity employed only during treadmill exercise. The SEM bars are plotted to one side only of each mean value and for some points have been oset for clarity Fig. 3 Paired dierences (carbon monoxide minus air) in the average cardiac output during a hand-crank (upper panel) and treadmill exercise (lower-panel) at the dierent blood carboxyhemoglobin (COBh) concentrations (open circles 1.9% COHb during treadmill and 1.8% COHb during hand-crank exercise, solid square 5.1% and 5.0% respectively, diamonds 9.8% and 9.8% respectively, triangles 14.9% and 14.8% respectively, stars 19.2% and 19.2% respectively) plotted against oxygen consumption ( _ V O 2 ). Shaded area represents a higher level of exercise intensity employed only during treadmill exercise. The SEM bars are plotted to one side only of each mean value and for some points have been oset for clarity
The number of PVC and PAC that were recorded during hand-crank exercise as well as prevalent distribution of PAC during the recovery period were about the same as found during treadmill exercise and none of the eects were statistically signi®cant.
Discussion
We investigated the eects of an acute CO exposure on the cardiovascular function of young healthy subjects during both lower-body treadmill and upper-body handcrank exercise performed separately. While upper-body exercise is known to be less ecient, comparative analysis of the eects of CO exposure on upper and lower-body exercise had not been previously reported. Moreover, this study is the ®rst to report on the eects of CO exposure on the indices of cardiac contractility during exercise in humans. To obtain noninvasively and continuously the key cardiac hemodynamic variables and subsequently to assess cardiovascular function during CO exposures we have used the ICG system which we developed for ambulatory and ®eld applications (Kizakevich et al. 1993a) . Although ICG has been available as a research tool for almost 30 years, its application in the clinical and research environments has been limited by inadequate signal processing and waveform analysis techniques.
We have used this new ICG technology (Kizakevich et al. 1993a (Kizakevich et al. , b, 1994 to perform automatic waveform analysis at 60 s intervals across the CO study data sets acquired at rest and during exercise to derive the key variables of cardiovascular performance, including surrogate indices of cardiac contractility and output. Prior to using the system in the main study we ®rst validated the technique. In a multi-day evaluation study we assessed the reproducibility of cardiac measurements at rest, before, during, and after lower-body and upperbody exercise for each subject. We have found that over 3 experiment days the mean values of the variables of interest were substantially equivalent, demonstrating that the automated ICG is eective in noninvasive serial assessment of cardiac function. Speci®cally, serial assessment has been proved reliable for grouped repeatedmeasures studies where each subject is assessed before and after some intervention. The details of the reproducibility analyses have been reported previously (Kizakevich et al. 1994) .
We have also shown that the relationship of the ICGderived ACCEL, the primary cardiac contractility index, to estimates of aortic blood acceleration (Doppler echocardiography) was highly correlated (Kizakevich et al. 1993b) . Similarly, t Zpeak , the secondary measure of contractility, has been shown to correlate well with timeto-peak Doppler acceleration (Kizakevich et al. 1993b) , and time-to-peak left ventricular dP/dt (Mohapatra 1981) . The relationship of the ICG-estimated cardiac output to that obtained using invasive measurements (e.g. green dye and thermal dilution) has been validated Fig. 4 Paired dierences (carbon monoxide minus air) in the average heart acceleration during a hand-crank (upper panel ) and treadmill exercise (lower-panel ) at the dierent blood carboxyhemoglobin (COHb) concentrations (open circles 1.9% COHb during treadmill and 1.8% COHb during hand-crank exercise, solid squares 5.1% and 5.0% respectively, diamonds 9.8% and 9.8% respectively, triangles 14.9% and 14.8% respectively, stars 19.2% and 19.2% respectively) plotted against oxygen consumption ( _ V O 2 ). The shaded area represents a higher level of exercise intensity employed only during treadmill exercise. The SEM bars have been are plotted to one side only of each mean value and some points have been oset for clarity in many studies (Mohapatra 1981; Demeter et al. 1988; Sherwood 1993) . For healthy, young subjects (like our CO study population), the correlation of ICG-derived and invasive cardiac output measurements has ranged from 0.75 to 0.95, with the higher correlations generally occurring during exercise. The ICG-derived cardiac output is generally within 20% of true output; however, changes in ICG-derived cardiac output have been believed to be considerably more accurate (Handelsman 1989) .
The data obtained demonstrated that a properly validated ICG technique can be successfully employed during an extended experiment, involving both rest and exercise of dierent modes and intensity. We found that for the same exercise intensity both exercise modes produced comparable changes in aortic blood acceleration. For both lower-body and upper-body exercise, the cardiac contractility was increased slightly at rest but progressively during exercise when exposed to CO. At these two highest COHb concentrations and the highest treadmill exercise intensity the acceleration decreased, suggesting that moderate exercise at higher COHb concentrations may adversely aect cardiac contractility. This decrease prevented development of a general (i.e. subject-independent) dose-response model. It was unclear, however, whether the reduced ability to increase ICG acceleration further at the highest stage of treadmill exercise was due to a direct eect of CO on cardiac contractility, reduced O 2 delivery, or intrinsic limitations of cardiac muscle performance. To resolve this question, maximal exercise stress tests would have to be done, using the same individuals to determine their maximal acceleration capacity. Furthermore, additional CO studies at even higher levels (more than 20%COHb) might help elucidate whether CO has a direct limiting eect on heart contractility. The pattern of changes in acceleration diered from the t Zpeak measurement in both modes of exercise. Although both variables are considered to be an index of contractility our ®ndings suggest it is likely that they re¯ect two dierent components of the heart muscle contractility. Stewart et al. (1973) commented on preejection period as a measure of cardiac contractility at rest, but presented no statistical results. He reported that no general increase in contractility was found at rest after CO exposure; however, one subject had a 28% decrease in pre-ejection time (i.e. increased contractility) that was reportedly associated with a precordial pounding sensation. In our study, there was a general trend for t Zpeak to become shorter with increases in both exercise intensity and COHb concentration, the more so for hand-crank than for treadmill exercise. Even though these changes were not statistically signi®cant, considered together with the higher f c , ventilation, and _ V O 2 during hand-crank exercise, they support the concept that upper-body exercise is less ecient than lower-body exercise, and the eciency is further reduced by CO exposure.
Findings of CO eects on cardiac output changes have been inconsistent. In resting subjects, Ayres et al. (1965) found no change in cardiac output at 5% and 10% COHb, while found no change at 19% COHb. Other studies in individuals at rest have found increases in cardiac output at 5%, 33%, and 48% COHb (Ayres et al. 1969) , and have been shown to be linearly related to COHb saturation (Stewart et al. 1973) . In exercising subjects CO exposure has been found to increase cardiac output . The variability of CO responses in our study is consistent with previously reported results (Penney 1988) . In the present study, increasing COHb resulted in an increased cardiac output at almost every level of exercise. Although these results support the hypothesis of a dose-response relationship, the lack of an eect at rest and for COHb greater than 10% would suggest a nonlinear, threshold model.
The incidence of ventricular ectopy was extremely low, with a total of only 11 premature, randomly distributed, beats observed throughout the experiment. Furthermore, no increase in frequency of resting or exercise-induced ventricular ectopy (PVC) or PAC was observed after CO exposure. These ®ndings are in accordance with exercise studies in coronary artery disease patients with no baseline ectopy (Hinderliter et al. 1989) . Thus, in young healthy individuals moderate CO exposure during brief moderate exercise is unlikely to induce irritability of the myocardium.
Although we found that on at least one exposure condition half of the subjects showed some clinical or subclinical signs of myocardial ischemia, we do not think that this ®nding has any physiological signi®cance. The ST-segment depressions in all of these subjects were inconsistent in that they occurred at various air and CO-exposure conditions, hence we interpret these observations as false-positive readings. Only one study has reported on ECG changes and myocardial ischemia after CO exposure in healthy men (Davies and Smith 1980) . In this experiment, marked ST-segment depression was observed in only 1 of 16 subjects at 2.5% COHb. None of the remaining 15 subjects reaching 7.1% COHb presented evidence of myocardial ischemia. Other ECG ®ndings observed in this group included unequivocal P-wave changes in 3 of 16 subjects at 2.4% COHb and in 6 of 15 subjects at 7.1% COHb. Thus, at least over the range of COHb levels studied, our ®ndings and interpretation are consistent with the observations that have been reported by others (Davies and Smith 1980) . The results of our study also suggested that short-term exposure to CO resulting in 10%±20% COHb does not induce any signi®cant pathological changes in ECG rhythm or wave shape in young healthy individuals.
We conclude that young, apparently healthy men can perform submaximal upper and lower-body exercise without overt adverse cardiovascular eects after CO exposures attaining 20% COHb. The experiment data show that the cardiovascular system compensates for the reduced O 2 -carrying capacity of the blood by augmenting f c , cardiac contractility, and cardiac output for both upper-body and lower-body exercise. While this mechanism serves well in submaximal exercise, the enhanced cardiovascular response to exercise is not without physiological costs. The enhanced response begins to fail at higher levels of CO exposure and exercise. If this trend holds true for more stressful exposure or exercise conditions, compensatory failure of the cardiovascular system will ultimately result in reduced maximal exercise capacity. The results of the present study also support the hypothesis that shortterm CO exposure resulting in 5%±20% COHb does not induce pathological changes in ECG rhythm or wave shape in normal subjects. Another signi®cant outcome of the study is the usefulness of ICG demonstrated for noninvasive assessment of cardiac function in environmental research. Furthermore, these new methods facilitated the acquisition of cardiac hemodynamic data which could not otherwise be obtained in exercising subjects outside of the clinical cardiology laboratory.
